









The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 
 
Published by the University of Cape Town (UCT) in terms 













e01 1055 7114 
THE POWER QUALITY OF WIND TURBINES IN SOUTH 




THESIS SUBMITTED IN FULFILMENT OF THE REQUIREMENTS 




Prof. C. T Gaunt 
Depm1ment of Electrical Engineering 











I would like to thank the following: 
God Almighty for the strength He has given me throughout my life. Jesus is Lord, 
My thesis supervisor Prof. C. T. Gaunt for his guidance, motivation and support 
throughout my research, 
Koeberg Power Station management for giving me this opportunity to pursue my 
dream, 
Eskom wind farm project team, Riaan Smit, Ian Smit, Barry Venter, Eric Roux, and 
Eskom employees for providing me with necessary information, Sikelela Mkhabela, 
Lubin Schabalala, Yusuf Martin, Hennie Mostert. 
Special thanks to my colleagues and friends from the Power Engineering group of 
the University of Cape Town, Lameka Amuanyena, David Kutelama, Keren 
Kaberere, Mpumelelo Ntombela, Sharon Arigye-Mushabe, Ben Sebitosi, Dave 
Johnson, Azeem Khan, Ritesh Lutchman. Special thanks to Chris Wozniak for his 
technical support, ProfK. Folly for his motivation and support, and my friend Mark 
Peffer for his input. 
A heartful thanks is given to Gontse Dioka, my mother and brothers for their love, 
support and prayers. 












This thesis describes an investigation into the power quality of wind turbines and the 
impacts this could have on distribution networks. The main focus is on voltage 
fluctuations and nicker as grid connected wind turbines could have a huge impact on 
these, especially when connected to weak distribution networks 
The interest in wind turbines has increased significantly over the past years in many 
countries worldwide. Three wind turbines have been installed in the Western Cape 
wind farm, Klipheuwel, South Africa. These were installed so that studies can be 
carried on to test the feasibility of wind generation in South Africa. 
Many South African distribution networks are electrically weak networks that have 
relatively high impedance lines. Such networks suffer voltage-related problems. 
Distribution networks are designed to accept bulk electricity power from 
transmission lines and distribute it to customers. However, the connection of wind 
turbines and distribution networks in general could reverse the usual power flow. 
The hypothesis, which states that "Despite the use of power electronics converters 
and modem machine designs, wind energy generators cause fluctuating voltage and 
flicker on wcak feeders", was formed. To prove or disprove this hypothesis, the 
following tasks were then drawn. 
a) To review existing information on power quality of wind turbines and the 
impacts they could have on distribution networks. 
b) To study different types of wind turbines and their behaviour. 
c) To conduct and analyse power quality studies of wind turbines in 
Kliphcuwel 










The review of work done by others identified voltage fluctuations and voltage 
flicker as the main power quality characteristics that wind turbines could affect. 
Wind turbines could either be a fixed speed turbine or a variable speed wind turbine. 
These \vind turbines could either be fixed with an induction generator or a 
synchronous generator. Fixed speed wind turbines are identified as wind turbines 
with higher flicker emission than variable speed wind turbines. However, both types 
of wind turbines have been recognised as sources of voltage fluctuations because of 
wind speed fluctuations, which result to power fluctuations. 
The findings of flicker emission studies conducted showed that flicker occurs during 
both switching and continuous operations. Flicker caused by switching operations is 
due to the turbine generator connection and capacitor switching. During turbine 
generator connection, high currents are drawn, which could results to voltage dips. 
Capacitor switching is followed by high frequency inrush currents, which could 
result to transient. For flicker during switching operations calculations, a wind 
turbine is characterised by a flicker step factor, which is a normalised measure of 
flicker emission due to a single worst case switching operation. 
Flicker during continuous operations has been concluded to be as a result of power 
fluctuations emanating from the wind turbines. Power fluctuations are the results of 
wind speed fluctuations and tower shadow effects. The tower shadow effects 
affected the power output of the turbine. This is because every time the blade passes 
the tower, the power would drop. This power drop occurs 3 times per revolution for 
a three-bladed turbine. The method for assessing flicker emission during continuous 
operations assumes that a wind turbine is characterised by a flicker coefficient value, 
which is a normalised measure of flicker emission during continuous operations. 
Literature survey reveals that the type of wind turbines used determines whether 
flicker emission would be higher. For instance, flicker emission has been reported to 
be higher from variable speed wind turbines compared to fixed speed wind turbines. 
The studies on voltage fluctuations and flicker were separated into two sections, one 
seetion from calculation and simulation on DigSilent, using an induction generator 










type of a generator. The voltage fluctuations ,\-vere obtained by varying power output 
from the generator. From this exercise, it was shown that an induction generator 
with fluctuation power output result to voltage fluctuations at the terminals of the 
generator. The effects of X/R ratio of the grid on voltage variations were also 
studied. These were done to study the effects of the weakness of a distribution 
network. The studies showed that at low XlR r~ltios, i.e. an XlR ratio < 1, the voltage 
fluctuations are higher than at higher XlR ratios. 
The second section is on actual measurements from the wind farm. These 
measurements were taken on Vestas V 4 7 wind turbine, which uses an induction 
generator, with rated power output of 660kW. Measured data included active, 
reactive and apparent power output, voltage and currents, as well as flicker emission. 
The results obtained showed high flicker emission by a variable speed wind turbine. 
However, studies of a fixed speed wind turbine were not conducted to compare the 
impacts. The measured flicker increases with an increase in power output of the 
turbine. 
The measured voltage on the studied wind turbine showed voltage fluctuation, 
which followed fluctuation seen on both wind speed and power output. These 
voltage fluctuations could be a threat to weak distribution network. However, the 
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This report describes an investigation of the effects of wind generation on power 
quality of distribution networks. The main focus is on voltage fluctuations and 
flicker as grid connected wind turbines can have a significant effect when connected 
to weak distribution networks. Three wind turbines have been installed in the 
Western Cape wind farm, Klipheuwel, South Africa so that studies can be carried on 
to test the feasibility of wind generation in South Africa. Practical measurements 
were taken from one of the wind turbines for comparison with the theoretical 
studies. 
1. 1 Background and Objectives 
Distributed generation is the form of generating electrical energy into distribution 
networks. Distributed generation is used world wide including South Africa. 
Distributed generation can be applied as Combined Heat & Power (CHP), standby 
power, peak shaving, isolated generation, grid support, etc. There are several 
distributed generation technologies, including wind energy, photovoltaics, fuel cells 
and micro generators. 
Many European countries have been using wind energy to generate electricity since 
the 19th century [23]. The first country to use wind turbines to generate electricity is 
Denmark [23]. Several units with capacity of 5 to 25 kW were in operation by 1910 
[23]. Wind energy has been used widely throughout the world to pump water, to 
move ships, grind grains. 
Southern Africa has been said to have good wind conditions along the southern 
African coastline and Indian Ocean islands [31]. However, there are some common 
obstacles to wind energy development in Southern Africa such as low electricity 












(about 80% of all wind turbines sold world-wide are manufactured by European 
countries) [31]. Nevertheless, South Africa's first wind farm is in operation. Three 
wind turbines were installed at Klipheuwel between August 2002 and February 
2003. The wind farm is the biggest in sub Saharan Africa. 
The use of renewable energy resources has increased dramatically over years. 
However, the use of wind turbines introduces additional variability in power and can 
possibly affect the power quality of the grid where it is connected. 
Studies have been conducted at the South African wind farm to investigate the 
power quality of the wind turbines and the impacts they could have on South 
African distribution systems. 
1.2 Problem Statement 
Distribution networks are designed to operate with no generation on the distribution 
system. Distribution systems were designed to accept bulk power from the 
transmission system and distribute it to the customers. The power flows from the 
higher voltage level to the lower voltage level. But, with distributed generators 
penetrating, the power flows may be reversed and distribution system becomes an 
active source and no longer passive circuit [17]. This could have a negative effect on 
power quality of that particular distribution system. Wind turbines, in particular, 
have been said to be good examples of generators that cause voltage fluctuations and 
voltage flicker on distribution systems [17]. This could be because wind power has 
less predictable and controllable power production due to the variation in wind 
speed, tower shadow and turbulence. This variability of wind power output makes it 
more difficult for operators to maintain the quality of supply to consumers while 
operating the system economically. Inability to control power output is a problem 
especially on wind turbines that are connected to a weak distribution system. 
The other problem is when wind turbines are connected to weak networks. Weak 
distribution networks have low XIR (impedance) ratios and relatively small 










connection to distribution networks results in high voltage fluctl'ations on the 
network. 
Given the challenges stated, a hypothesis that will guide the research was formed. 
The hypothesis is stated as follow: 
"Despite the use of power electronics converters and modem machine designs, wind 
energy generators cause fluctuating voltage and flicker on weak feeders". 
The tasks needed to test the hypothesis are: 
e) l' 0 review existing information on power quality of wind turbines and the 
impacts they could have on distribution networks. 
f) To study different types of wind turbines and their behaviour. 
g) To conduct and analyse power quality studies of wind turbines in 
Klipheuwel 
h) To draw conclusions based on studies conducted 
1.4 Approach and Method 
The experiments concerned in this investigation will be done on wind turbines in 
Klipheuwel, Cape Town, South Africa. Wind and power quality data used in this 
research will be taken only from the three new wind turbines in South Africa, which 
cannot represent all new wind energy generators. This is because distribution system 
constraints may differ from one country to another; hence, the effects of wind 
generation could be different from the ones in other countries. 
The first part of the research will be carried out through a review of published 
literature on wind energy, which will be based mainly on work done in countries 
like Sweden, Norway, Ireland, Germany and many more, especially from Europe, as 











The second part of the research includ:.:s an investigation and studies on power 
quality issues. This investigation includes the possible effects that wind turbines 
could have on power qwtlity of distribution networks. 
Practical measurements are taken at Klipheuwel to test the validity of the 
hypothesis. 
Conclusions are then drawn based on the findings of the research. 
1.5 Thesis Outline 
This report consists of seven chapters, outlined as follows: 
Chapter 1 - In this chapter, the background of the investigation is discussed. The 
objectives of the research, the hypothesis of the research, which has led to literature 
survey on wind energy generators and their impact on distribution networks, are 
presented in this chapter. 
Chapter 2 - Work done on distributed generation generators is presented in this 
chapter. Distributed generation and its technologies are defined as well as power 
quality issues. Power quality characteristics such as flicker and voltage variations 
are defined and explained. 
Chapter 3 - This chapter gives a background on the South African wind farm. The 
possible impacts that each of the three wind turbines could have on distribution 
networks are presented in this chapter. Hence the studies on South African 
distribution networks are discussed. This chapter leads to a proper investigation on 
power quality issues and the relationship with wind energy generators. 
Chapter 4 - Power quality issues are discussed both in general and specific to wind 
energy. Power quality characteristics are explained. These characteristics include 
voltage fluctuations, flicker, harmonics, etc. The investigation into power quality of 










This is due to the nature of distribution net\vorks in South Africa, explained in 
chapter 3. 
Chapter 5 - Presents voltage fluctuations and flicker emissions from wind turbines. 
Theoretical results are presented in this chapter. 
Chapter 6 Results obtained from practical measurements obtained from 
Klipheuwel wind farm are sho""11 and discussed in this chapter. 
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2. LITERATURE REVIEW 
Power quality studies of wind turbines are an area that has been covered extensively 
by many authors internationally. These studies have been of interest when these 
wind turbines are connected to distribution networks. This chapter identifies some of 
the power quality problems introduced by wind turbines to distribution networks 
according to the existing information. 
Wind turbines are one of distributed generators found. Before wind turbines are 
introduced, it would be important to first understand the meaning of distributed 
generators. This would then lead to an understanding of wind turbines' definition 
and their connection to distribution network. 
This chapter is divided into five sections. The first section deals with distributed 
generation definition and how different authors came to a Southern African 
definition. The second section presents wind energy and focussing on power 
produced from wind, the relationship between power and wind is also discussed. 
Different types of \-vind turbines are presented and explained. The third section 
deals with the connection of wind turbines to distribution networks. The fourth 
section describes power quality of wind turbines and the effects on distribution 
network. The last section is a summary of the key findings of the chapter. 
2.1 Distributed Generation 
Distributed generation has far many definitions, varying from country to country. 
For instance [17], refers to distributed generation as embedded generation, meaning 
generation which is connected to distribution network. On the other hand, CIGRE 
[17] defines distributed generation as generation that is; (i) not centrally planned, (ii) 
not centrally dispatched, (iii) usually connected to the distribution network, and (iv) 










generation from different authors in different countries. Other authors refer to 
distributed generation as dispersed generation. 
The South African definition for distributed generation was derived under the 
following headings [9]: 
• Interconnection voltage level 




• Ownership and planning 
• Po\ver delivery area 
The South African definition was then defined as follows: [9]. 
"Distributed generation is any source of electric power that is interconnected with an 
electricity supply network at a system voltage level not exceeding 132kV. The 
generator is not centrally dispatched. It is not a trading participant in a power pool 
but usually responds to a tariff signal." 
Wind generation is then one of the technologies of distributed generation as it fits 
the definition ofDGs in Southern Africa and worldwide. The following section 
deals with wind energy and literature concerning its' power quality performanee as 
experienced by different authors in various countries. 
2.2 Wind Turbine Design 
Before discussing power quality of grid connected wind turbines, it is important to 











Wind turbines convert mechanical energy into electric energy. Wind turbines 
include the rotor, generator, turbine blades and drive devices. The most common 
wind turbine is of a horizontal axis propeller type with three blades mounted on top 
of a tower. As the wind blows through the blades, the air exerts aerodynamic forces 
that cause the blades to tum the rotor. 
The output power of a wind turbine is variable depending on the instantaneous wind 
speed. 
Power from wind is given by the following equation [17]: 
P = li. CpP V 3 A ...... .................................................................. (2.1) 
Where 
P power in Watts 
Cp = power coefficient, which is a measure of how much of the energy in the 
wind is extracted by the turbine rotor. 
p air density 
V = wind velocity (m/s) 
A = swept area of rotor disc (m2) 
Equation 2.1 shows that the output power increases with the cube of the wind speed 
until the rated power output is reached. The power from the wind turbine is limited 
to a rated power output at wind speeds of about 12 m/s and above. The following 
methods are used for limiting power output at rated power [24]. 
(i) The turbine blades could be pitched away from the wind 
mechanically. This method is called pitch regulation. 
(ii) The power output could be limited by an aerodynamic limitation of 
the power. This method is known as stall regulation. 
However, these methods do not stop the wind turbine's power output from 
fluctuating at wind speeds below 12m/s. The power output will vary due to variation 
in wind speed, turbulence and tower shadow. 
At wind speeds greater than 25 mls most wind turbines with aerodynamic design 











any damages that may be due to high wind speed. The diagram below shows a 
design \vind speed power curve of a 660k \V -wind turbine, which shows the 
regulated power from the wind turbine. The output power between 12m!s and 25m!s 
is kept constant by aerodynamic designs. This means that wind speed change has no 
impact on pmver output in this region. However, in the region between 4m!s and 
12m/s, power output changes with wind speed by a cube. Tower shadow and 
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Figure 2. 1 Power Curve 123) 
Two main groups of electrical system in wind turbines are found. These are fixed 
speed wind turbines and variable speed wind turbines. The two types could either 
use an induction generator or a synchronous generator. Another type of a \',lind 
turbine would be a variable wind speed, which uses a synchronous generator with 
permanent magnets. The latter is usually without a gearbox, meaning generator is 
designed to connect directly to the grid, via electronic converters. The following 











2.2.1 Fixed speed wind turbines 
Fixed speed wind turbines (FSWT) run at a relatively fixed mechanical speed. These 
turbines normally employ induction generators that are driven by a turbine via a 
gearbox and directly connected to the grid. The induction generator runs at an 
almost constant speed, increasing from the synchronous speed ns up to a rated speed 
which is about 1 % higher than the synchronous speed [37]. The application of 
capacitors compensates for the reactive consumption of the induction generator. The 
soft starter is also used to limit the inrush current to the induction generator. 
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Figure 2. 2 An electrical diagram of a fixed speed wind turbine. 123) 
Fixed speed wind turbines produce power fluctuations as depicted by many 
researchers like Larsson et al [24]. The output power is limited at wind speeds above 
rated by either pitching the blades or by natural aerodynamic stall before the wind 
turbine is stopped at cut-out wind speed [37]. 
2.2.2 Variable Speed Wind Turbine 
Variable Speed Wind Turbines (VSWT) operate at a variable speed and are usually 
connected to the grid via power electronic converters. Both synchronous and 
induction generators could be used in this type of a wind turbine. A direct driven 
generator could be used where the wind turbine is equipped with a frequency 
converter. This type of a wind turbine (VSWT) can reduce power fluctuations 











They operate at either a narrow speed range or a broad speed nngc. The difference 
between the two is energy production and the capability of noise reduction [23]. A 
broad speed range increases the power production and reduces the noise further 
when compared to a narrow speed range. VSWTs that operate within a narrow speed 
range are normally equipped with a double-fed induction generator with a converter 
connected to the rotor as can be seen in Figure 2. 3(a). A narrow speed range wind 
turbine could also be equipped with controllable rotor resistance. This type of wind 
turbine is what is known as OptiSlip wind turbines, in \vhich the slip and a speed of 




Induction starter Capacitor banks 
b 
Figure 2. 3 Variable Speed Wind Turbine with (a) double-fed induction generator with a 
converter connected to the rotor and (b) controllable rotor resistance [23] 
A broad speed range wind turbine is equipped with a frequency converter [23]. The 
use of the latter makes it possible to use a direct-driven generator. The alternating 
current from the generator is first rectified and then inverted into alternating current 
before it is fed into the grid. An electrical diagram of a broad-speed range wind 
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Figure 2.4 Variable speed wind turbine with a converter 123) 
2.3 The connection of wind turbines to the distribution 
network 
Distribution networks were designed to accept power from the transformers supplied 
by transmission networks. The flow of real and reactive power has always been from 
the higher to a lower voltage level [17]. Distribution networks have been passive 
circuits, supplying the load [17]. However, the connection of wind turbines or any 
other distributed generator, could change distribution networks from being passive 
circuits to being active circuits. The flow of real and reactive power could be 
reversed. Wind turbines export real power and are likely to import reactive power 
from the grid to magnetise the core of its induction generator [17]. This change in 
power flow in a distribution system due to the connection of distributed generators 
has important technical and economic effects for a power system [17]. The technical 
effects are discussed in section 2.4 of this chapter. 
Wind turbines can be stand alone systems or grid connected. Grid connected 
turbines are usually large wind turbines generating more than 100 k W. It is 
important to connect the turbine generator to the grid at the right moment once the 
rotor is rotating at its rated speed. Hence, modern wind turbines connect and 
disconnect gradually to the grid using thyristors i.e. are soft starting. These thyristors 
are used to magnetise the machine and to reduce the inrush current during generator 
start up. 
When wind turbines are connected to the grid, voltage fluctuations and stationary 
voltage variations, which are defined as changes in the RMS value of the voltage 
occurring in a time span of minutes or more, emanate from the power produced by 











Tower shadow effects is the effects caused by rotating blades. Every time a blade 
passes the tower, there is a drop in output pmver. This drop oeeurs three times per 
revolution for a three bladed wind turbine. Wind turbines also affect power quality 
during the process of connecting the turbines to the grid. Hence, when connecting a 
wind turbine to the grid, three connection factors are considered. These are [38]: 
• Factor stating maximum voltage change during the connection. 
• Factor describing the maximum current during the connection and 
• Flicker step factor. 
The above factors determine how much flicker the wind turbine emits during 
switching operations. 
The following section describes the effect that distributed generators have on power 
quality of distribution networks, followed by a section on power quality of wind 
turbines. 
2.4 The effects of wind turbines on power quality 
As mentioned before, wind turbines are said to be good examples of generators that 
cause voltage flicker [17]. This is due to the fluetuating power output produced by 
wind turbines. Power fluctuations are caused by variable wind speed, tower shadow 
and mechanical properties of the wind turbine. Hence the studies on power quality 
of wind turbines are discussed in this report. Section 2.4.1 explains voltage flicker 
and why it is of great concern when wind turbines are connected to the grid. 
2.4.1 Voltage flicker 
Voltage flicker is the measure of voltage variations, which may cause disturbances 
to consumers [20]. According to Jenkins et al [17], voltage flicker describes 











distributed generators or by loads. The term voltage flicker originates from the 
effects of the voltage fluctuation on the brightness of the incandescent lights [17]. It 
has been shown that the eye is most sensitive to voltage variations around 10Hz. 
The following curve, Figure 2. 5, indicates the magnitude of sinusoidal voltage 
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Figure 2. 5 Normalised flicker response for voltage fluctuations (37] 
Flicker is said to be of considerable significance for distributed generators which: 
(i) often uses relatively large individual items of plant compared to 
load equipment; 
(ii) may start and stop frequently; 
(iii) may be subject to continuous variations in input power from a 
fluctuating energy source [17] 
Since wind turbines are mentioned as being one of the generators that could result in 
voltage flicker, flicker emission by wind turbines is then studied in detail. 
Voltage flicker is usually evaluated over a 10 minute period to give a short term 
severity value; Pst- Pst is measured using a flickermeter that complies with the 
requirements ofIEC 868 [28]. A long-term severity value, PIt, is obtained by 












~I = \1 k~\2 ..................................... , ....................................... (2.4) 
Pit is calculated over a 2-hour period. 
According to NRS 048-2 [30], the compatibility level for short-term flicker severity 
Pst and long-term flicker severity Pit are 1.0 and 0.8 respectively. 
Wind turbines produce flicker during continuous operations due to power 
fluctuations. These power fluctuations are the result of variations in wind speed, the 
tower shadow effect and mechanical properties of the wind turbine. However, flicker 
may also occur during switching operations. Flicker during switching operations is 
due to voltage changes during stop and start of a wind turbine. The following two 
sections discuss flicker during switching and continuous operations respectively. 
(a) Flicker during switching operations of wind turbines 
Switching operations cause voltage flicker [20]. These switching operations are the 
start and stop of a wind turbine. Start and stop of a wind turbine will cause a change 
in power production. This change in power production causes voltage changes at the 
point of common connection (PCC) [20]. These voltage changes will then cause 
flicker. 
Starting operation differs for each wind turbine type. This means that variable speed 
wind turbines start differently from fixed speed wind turbines. In a fixed speed wind 
turbine, the speed is raised during the starting sequence until the generator speed is 
close to the synchronous speed. Once this is done, the generator is then connected to 
the grid. Stall regulated wind turbines give a higher in-rush current while pitch 
regulated wind turbines can control the torque of the turbine, resulting in low in-rush 
current. 
The influence of wind turbines 011 the grid during switching operations can be 











1. The first case i:; the impact on steady state voltage level during the turbine 
generator connection. The turbine generator draws high currents, resulting in 
voltage dips 
11. The second case is due to capacitor switching. Capacitors are situated in the 
nacelle. They are used for reactive power compensation. The capacitor bank 
is connected immediately after the generator is connected to the grid. The 
connection of the capacitor bank causes a large current peak, which affects 
the voltage ofthe grid where the wind turbine is connected. 
However, both switching cases give rise to high flicker values. Flicker due to 
switching operations has different limits compared to flicker during continuous 
operations. 
Flicker during switching operations is assessed assuming that each wind turbine is 
characterised by a flicker step factor k j{ \}'k). It is determined using the following 
equations: [37] 
P'I 18 X N)003) x k I (If/ k) X ~n ........................................................... (2.5) 
k 
and summed using equation (2.6) 
[
~. J03) 18 I.-IN10•1 (k j ,i(lf/k)Sn,i)32 ................................................... (2.6) 
Sk i~) 
Where Sk is the short circuit apparent power (V A), 
N 10 is the number of switching operations within 10 min, 
kf{ \}'k) is the flicker step factor of the wind turbine for the given network impedance 
phase angle, \}'l;, at the point of common connection (PCC), 
Sn is the rated apparent power of the individual wind turbine and 
N\\1 is the number of wind turbines connected to the PCC. 
The above flicker equations may be deduced by observing the definition of the 










k ,fie fJ S (T J1I3.2 
lOOSn- .f,[,{tc 2.3 ........................................................ (2.7) 
Where Tp is an observation period 
For an observation period of 600s, which corresponds to a short tenn flicker period 
and replacing the fictitious grid characteristic with an actual Sk and Pst, the following 
equation for a single Pst is deduced: 
18kj (lfIk) Sn ........................................................................ (2.8) 
Sk 
(b) Flicker during continuous operation 
Flicker emission during continuous operations is caused by variations in the power 
produced by wind turbines. Tower-shadow effects result in output power variations, 
which in turn cause voltage fluctuations, which cause flicker. This is because every 
time the blade passes the tower, there is a power drop as none of the blades are at a 
highest point where wind speed is at maximum. However, when one of the blades is 
at the highest point, the turbine produces maximum power as none of the blades is at 
the lowest point. 
The procedure for assessing flicker emission due to continuous operation assumes 
that each wind turbine is characterised by a flicker coefficient c('I\,va), which is a 
measure of the maximum expected flicker emission during continuous operation of 
the wind turbine. 
The flicker coefficient is given by the equation: [28] 
C(lfIk,Va ) = P'1,jic (" .................................................................... (2.9) 
~) n 
Replacing the fictitious grid characteristics with the actual Sk and Pst, and using a 












the flicker severity due to a wind farm with Nwt wind turbines is given by: 
r ]
l/m 
1 ~ III 
~\( =- I(c;(lfIk,Va)Sn,i) ................................................... (2.11) 
Sk ~ i=1 
"vhere m is assumed to be 2 [28]. 
2.5 Summary 
This chapter has introduced distributed generation, as well as wind turbines as one 
of the distributed generation technologies. A definition for DG's is explained. Wind 
Turbine design is explained, and how wind is converted to electrical energy. Wind 
turbines are categorised into two electrical systems, fixed speed wind turbines 
(FSWTs) and variable speed wind turbines (VSWTs). FSWTs operate at a relatively 
fixed speed while VS\VTs can start operating at relatively low wind speeds. 
The connection of wind turbines to the grid could affect the power quality of that 
particular distribution network. Because wind turbines have a variable source of 
power, wind, the output power produced fluctuates, depending on the wind speed. 
This dependency of wind turbine power output on the wind speed is shown by the 
equation P he pP v3 A. 
Wind turbines are said to emit flicker, especially when connected to distribution 
networks. Flicker is emitted during both switching and continuous operations. 
Flicker emission during switching conditions is as a result of the starting and 
stopping of a wind turbine. Start and stop of a wind turbine will cause a change in 











operations is caused by variations in the povver produced by wind turbines. Towcr-
shadow effects result in output power variations, which in turn cause voltage 
fluctuations, which cause flicker. 
Three wind turbines are installed in South Africa and the studies presented in this 
report were conducted on this wind farm. The next chapter is an introduction to the 
South African wind farm, Klipheuwel wind farm, as well as distribution network 










3. FUNCTIONAL DETAILS OF WIND TURBINES AND 
BACKGROUND TO A SOUTH AFRICAN WIND FARM 
The first wind fann was established in South Africa in 2002/2003. Eskom carried 
out an investigation on wind energy as one of the resources to make electricity. 
South Africa was reported to have a more moderate wind resource along the 
coastline [34]. However, after the environmental impact assessment was conducted 
on 10 sites, a decision was made to choose Klipheuwel as a preferred site for the 
first wind farm in South Africa. 
In this chapter, a background on this South African wind fann is discussed. Detailed 
technical infonnation of the installed wind turbines is also explained. South African 
distribution networks are also discussed as these play an important role on studies of 
power quality of grid connected wind turbines. 
3.1 Klipheuwel Wind Farm 
Three wind turbines have been installed in South Africa in the Klipheuwel wind 
fann, about 50krn from Cape Town. The wind fann is a pilot project that will run for 
about three years to test the feasibility of wind energy in South Africa [7] from 
2003. One of the aspects that give direction for the wind energy research are power 
quality and local effect of wind turbines on grid [34]. Hence the study on power 
quality impact of wind turbines on distribution networks. 
The first wind turbine, a 660kW Vestas V47 unit, was installed in 2002. This wind 
turbine was imported from a Danish company, Vestas. The turbine has an induction 
generator, with a rated fixed synchronous speed of 1,515 1,650 rpm. It is fitted 










10% to cope with the violent gusts of wind [44]. This turbine is of a fixed speed 
type. V 47 is equipped with microprocessor controlled OptiTip pitch regulation, 
which ensures continuous and optimal adjustment of the angle of the blades in 
relation to the prevailing wind. See Table 3. 1 for more on technical data of the 
turbine V47 




i Blade Number x Length 
: Swept area 
i Speed revolution 
I Operational inte~al 
I 
I Rotor orientation 




3 x23 m 
1 735 m2 
28.5 rpm 
28.5 - 30 rpm 










I Cut-in wind speed 
~minal wind speed 
: Stop wind speed 
40m 
Operational data 
4 mls (self start at average wind speed of 
~4.5 mls) 
Generator 
15 mls (54 km/h) 
25 mls (90 km/h) 
Asynchronous/Induction Generator 
(radial flux cylindrical) with OptiSlip® 
660kW 











The second wind turbine, a 1.75 MW Vestas V66 unit, was erected in 2002 This 
wind turbine is of a variable speed type, with an induction generator. This means 
that the turbine needs reactive power from the grid to magnetise the generator. The 
variable speed has an advantage that this machine \vill start up even at lower wind 
speeds. Table 3. 2 show some technical information on this turbine. The swept area 
of the rotor, which is used when calculating power produced, is also shown in this 
table 
Table 3.2 Vestas V66 Wind Turbine Data 
Rated Power 
Rotor 
66m • Diameter 
I Blade Number x Length 3 x 32 m 
[Swept are_a ______ -+-_____ . ____ 3. _______ . ____ ---1 
• Speed revolution 21.3 rpm 
! 




4 mls (14.4 km/h) 
Self start 
I Cut-in wind speed 
iNominalwi-nd--s-p-ee-d------+------------1-6-rn-'-s-(--57-,-6-k-m-&--)----------~ 
Stop wind speed 25 mls (90 kmlh) 
Generator 
AsynchronouslInduction Generator 
(radial flux cylindrical) with OptiSpeed™ 
1750 kW 











The third wind turbine was commissioned in 2003, with a rated power of 750 kW. It 
is a variable speed wind turbine, which uses a synchronous generator with 
permanent magnets, meaning it does not have a gearbox and uses power electronics 
to regulate voltage. It is a direct drive machine. This turbine, J48, is a French import, 
from Jeumont Company. Its generator is designed for grid connection through an 
electronic converter AC/DCIAC [1]. 
Table 3.3 .Jeumont J48 Wind Turbine Data 
Unitl 











I Power regulation· Stall Aerodynamic uncoupling 
I Hub height (approx) 
wind speed 
Nominal wind 







13.5 mls (48.6 km/h) 
25 m/s (90 km/h) 
Generator 
Synchronous generator with 
permanent magnets, (axial 
discoidal) with IGBT 
converter with vectorial control 
750kW 
50 Hz; 690 V (Grid) 











The following picture, Figure 3. 1 shows the three wind turbines in Klipheuwel, and 
the picture was taken on top ofV66. The furthest wind turbine is the Jeumont J48. 
The photo in Figure 3.2 was taken inside a nacelle ofV66 wind turbine. This shows 
how big the nacelle is for this particular wind turbine. 











Figure 3.2 Inside V66 Nacelle, with generator at the background 
These three turbines are connected to an 11 kV busbar. They each generate 690V 
and this voltage is transmitted to the grid via a 0.69111 kV transformer. Each wind 
turbine has its own 0.69111 kV transformer. For V66, the transformer is situated in 
the nacelle, as the latter is big enough to accommodate it. However, for the other 
two turbines, each has its ' own 0.69111 kV transformer situated outside the tower. 
The combined generated power from the three turbines is then sent to the 
Klipheuwel substation via an l1kV cable. 
3.2 The connection of Klipheuwel wind farm to the Eskom 
grid 
Klipheuwel wind farm is connected to an llkV distribution network. The following 
diagram, Error! Reference source not found. shows the connection of the wind 
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11kV Klipheuwel Substation 
690V 
1750 kW 
5km 11kV Cable 





Figure 3. 3 Grid Connection of Klipheuwel wind farm 
The above diagram indicates the connection of wind turbines to an 11 k V substation, 
Klipheuwel. The three wind generators connected to the wind farm bus bar represent 
wind turbines V66, V47 and J48 respectively. These generators are each connected 
to a 690VIllkV transformer, and feed to Klipheuwel llkV substation, where other 
loads are connected. Klipheuwel wind farm is connected to the substation via a 
PILe llkV cable, Skm long. The short circuit capacity on the low voltage side of 
the 690VIll kV is 1902kVA, 800kVA and lOOOkVA for wind turbine V66, V47 
and J48 respectively. 
3.3 Distribution Networks in South Africa 
Distribution networks are generally designed to accept bulk power supply from 
transmission lines and distribute it to customers. The flow of power would therefore 










the network, the pOlver flow could be reversed. This has a significant effect to the 
power quality of distribution networks. 
Two types of distribution networks can be found in Southern Africa. These include 
radial distribution networks and ring distribution networks. Studies carried out in 
this report are done on a radial distribution network. llence this network is explained 
more below. South African distribution networks are defined to operate at a voltage 
less or equal to 132kV. 
The majority of South African distribution networks in rural areas are constrained by 
voltage-related issues rather than capacity or waveform quality [40]. South African 
distribution networks are defined as weak distribution networks. The characteristics 
of a weak network include a very low X/R ratio, which results to relatively high 
impedance of the distribution lines. The distributed nature of network load indicates 
that rural distribution feeders are long, and have relatively small HV IMV 
transformer capacities (from 750kVA) [40]. 
Changes in both active and reactive power have an impact on steady state voltage 
changes. These networks experience voltage fluctuations, especially after a 
disturbance on the network. For this reason, steady state voltage fluctuation and 
flicker are to be studied when connecting wind turbines. Also, an increase in grid 
strength affects the flicker emission by wind turbines, hence short circuit capacity of 
the grid is to be considered for flicker emission studies. 
3.4 Summary 
In this chapter, the background to Klipheuwel wind farm was discussed. One of the 
aspects, which give direction to wind energy research in South Africa, is power 
quality and local effect of wind turbines on the grid. Hence the studies on power 
quality in this thesis. 
Three wind turbines are installed in Klipheuwel wind farm, vvith a total capacity of 










e~ch of them are expected to be different. The first wind turbine is a 660k W V cstas 
V 4 7 unit. The turbine has an induction generator, with a rated fixed synchronous 
speed of 1,515 1,650 rpm. This turbine is of a fixed speed type. V 47 is equipped 
with microprocessor controlled OptiTip pitch regulation, which ensures continuous 
and optimal adjustment of the angle of the blades in relation to the prevailing wind. 
The second wind turbine is also a Vestas machine, with a capacity of 1.75MW, and 
is called V66. This wind turbine is of a variable speed type, with an induction 
generator. This means that the turbine needs reactive power from the grid to 
magnetise the generator. The variable speed has an advantage that this machine will 
start up even at lower wind speeds. 
The third wind turbine is from a French company, Jeumont, with a rated power of 
750 kW. It is a variable speed wind turbine, which uses a synchronous generator 
with permanent magnets. This means that it does not have a gearbox and uses power 
electronics to regulate voltage. It is a direct drive machine. Its generator is designed 
for grid connection through an electronic converter AC/DCI AC [1]. 
Klipheuwel wind farm is connected to an llkV distribution network. However, 
South African distribution networks are considered as weak networks, due to, 
among other reasons, high line impedance as a result of long lines, and small 
BV/MV transformers. This weak nature of distribution network results to studies on 











4. THEORETICAL ASPECTS OF POWER QUALITY 
The connection of wind turbines to distribution networks could have an impact on 
power quality of that particular network as mentioned in the previous chapters. 
In this chapter, the meaning of power quality is described as well as the physical 
characteristics and properties of electricity that describe power quality. It carries on 
describing the theoretical aspects of power quality and the effects that wind turbines 
could have on power quality. 
4. 1 Definition of Power Quality 
lEe standards refer to power quality as electromagnetic compatibility, defined as 
"the ability of an equipment or system to function satisfactory on its electromagnetic 
environment without introducing intolerable electromagnetic disturbances to 
anything in that environment" [15]. Alternatively, IEEE defines power quality as 
"the concept of powering and grounding sensitive equipment in a matter that is 
suitable to the operation of that equipment" [15]. NRS 048-1 [30] describes quality 
of supply as "technical parameters to describe the electricity supplied to customers, 
and that are used to determine the extent to which the needs of customers are met in 
the utilisation of electricity." 
Perfect power quality means that the voltage is continuous and sinusoidal, having a 
constant amplitude and frequency [23]. However, due to some factors that affect the 
electricity networks, perfect power quality with continuous and sinusoidal voltage 
can hardly be achieved. 
Different standards are then used, differing from country to country, describing the 










Power quality is mostly described in terms of voltage disturbances, frequency and 
interruptions. 
Figure 4. 1 shows the classification of power quality [23]. However, not all the 
characteristics of power quality are presented in the chart. A lot of attention will 
however be focussed on voltage disturbances, as these are the forms of power 
quality identified by the literature survey to be the main concern when wind turbines 
are grid connected. 
Power Quality 
Frequency 
Vo Itage variations 
Figure 4. 1 Classification of different power quality phenomena [23] 
4.2 The characteristics of Power Quality 
The following are the measurable quantities or occurrences of power quality [17, 
36]. 











Voltage Dip is the reduction in the RMS voltage, for a period of between 20 ms and 
3 seconds [30]. The duration of a voltage dip is the time measured from the moment 
the RMS voltage drops below 0.9 per unit of declared voltage to when the voltage 
rises above 0.9 per unit of declared voltage [30]. Voltage dip is usually caused by 
faults on the transmission or distribution networks, increased load demand and 
transitional events such as large motor starting. It is said that start-up of a wind 
turbine can cause sudden reduction of the voltage [37]. However, voltage dips are 
not a constraint for further expansion of wind farms. 
4.2.2 A transient 
A transient is an undesirable momentary deviation of the supply voltage or load 
current. Transients could occur mainly during the start and shut dovvn of a fixed 
speed wind turbine. A transient could sometimes reach a value of twice the rated 
wind turbine current, which could affect the voltage of a low-voltage grid [23]. This 
voltage transient can disturb sensitive equipment connected to the same grid [23]. 
The impedance of the grid and the capacitance of the capacitor determine the 
amplitude of the current emanating from the switching of an unloaded capacitor. The 
frequency of the transient is given by the following equation. 
f 21n:~LIC .............................................................................. (4.1) 
Where L is the inductance of the grid and C is the capacitance of the capacitor. 
The capacitance C is that of a shunt capacitor bank connected inside a nacelle, used 
to magnetise an induction generator 
4.2.3 Harmonics 
Harmonics are periodic sinusoidal distortions of the supply voltage or load current 
caused by non-linear loads, power electronic loads, rectifiers and inverters in motor 
drives etc. The effects of harmonics include overheating and equipment failure, 
faulty operation of protective equipment, tripping of sensitive loads and interference 











fundamental supply frequency, i.e., lOOHz, 150 Hz, 200Hz, 250Hz, etc. Variable 
slJeed wind turbines are said to generate harmonics while fixed speed wind turbines 
are not expected to cause significant harmonics. 
4.2.4 Voltage flicker 
Voltage flicker is the visual effect of small voltage variati on on electrical lighting 
equipment. It may be caused by either distributed generators or by loads. Wind 
turbines are said to be one of the generators that contribute voltage flicker on 
distribution networks, resulting to the power quality being degraded. This 
phenomenon is described in more details in section 4.4 of this chapter. 
4.2.5 Frequency deviation 
It is the variation in frequency from the nominal supply frequency above or below 
the predetermined level, normally ±O.l %. This is considered in an autonomous grid, 
as the spinning reserve is smaller in autonomous grids supplied by diesel engines. 
4.3 Power Quality of Wind Turbines 
Grid-connected wind turbines are said to affect the power quality of the grid where 
they are connected (23]. However, when it comes to the operation of wind turbines, 
not all the power quality characteristics are affected. When the wind turbines 
produce power, voltage variations occur [23]. All wind turbines are hence said to 
cause voltage variation as they produce variable energy. Load flow calculations and 
other methods are used to calculate voltage variation. According to Gardner [8], 
there are three main issues that affect the power quality of wind turbines. These are 
harmonics, flicker and voltage steps. However, voltage flicker has been the main 
issue that affects the power quality of wind turbines due to power fluctuations that 
the turbines produce. For this reason, studies have been carried specifically on 
flicker emission by wind turbines. The following chapter explains voltage flicker, 










vI"here wind turbines are connected. Also explained in the next chapter are ways on 
how to measure power quality of wind turbines according to IEC 61400-2] [28]. 
Fixed speed wind turbines are said to have a higher flicker emission as they have a 
high flicker coefficient C(\lfk). Variable speed wind turbines have power electronic 
converters; and are hence said to have less impact on flicker. However, the power 
electronics could results to harmonics being induced into the network. 
Steady state voltage fluctuations and flicker emissions are discussed below as the 
main power quality issues that affect the connection of wind turbines. 
4.3.1 Steady State Voltage Fluctuations 
Operation of wind turbines may affect the steady state voltage of the connected 
network [3]. Steady state voltage fluctuations are measured using the following two-
node system 
Grid Zk = Rk+jXk 
I 
Us 
Figure 4. 2 Simple Impedance Model 13] 
This system illustrates a wind farm connected to a network with equivalent short 
circuit impedance Zk. Us is the voltage at an infinite busbar while PCC is a Point of 
Common Coupling, where wind turbine generators are connected. 
The current generated by the wind turbines is given by the following equation; 
J, ~(Si{)' ............................................................................. (4.3) 
Where 










Therefore, the voltage difference 11 V is given by the following equation 
Uk U, ~ Zk * 1, = (R, + jXk { P, ;:Q, ]. ...................................... (45) 
From the equation above, it can be seen that voltage difference is related to short 
circuit impedance Zk, the real and reactive power output of the wind turbines, P g and 
Qg respectively. Hence any change on power generated by the wind turbines would 
result to variations of the voltage at PCC. The voltage difference could be calculated 
using load flow analysis methods, with the wind turbine node assumed to be a PQ 
node. These calculations are done and explained in chapter 5. 
The voltage level impact on the grid with fixed speed wind turbines depends mainly 
on the grid XlR ratio and a smaller extent on the induction generator characteristics 
[39]. 
Voltage fluctuations are caused mainly by tower shadow effect. Every time a blade 
passes a tower, power output is reduced. For a three bladed wind turbine, the power 
drop will appear three times per revolution of the turbine. 
4.3.2 Flicker Emission or Dynamic Voltage Fluctuations 
The turbulence in the wind together with the wind turbine itself creates power 
variations in the region of 0.01 - 10 Hz [39]. However, the use of power electronic 
converters in wind turbine system provides the possibility to reduce the dynamic 
voltage fluctuations [39]. The reactive power can be controlled to minimise the 
voltage fluctuations and the turbine rotor speed could also be changed. 
Nevertheless, fluctuations in the system voltage could result in perceptible light 
flicker, depending on the magnitude and frequency of the fluctuation [3]. Rapid 
variations in power output of a wind turbine, such as generator switching and 











Hence this section defines flicker emission, what causes it and how to measure 
flicker emission from wind turbines, from a theoretical point of view. 
What is Flicker? 
Larsson [23] defines flicker as a measure of voltage variations, which may cause 
disturbances to customers. Flicker is also referred to as short lived voltage 
fluctuations, which result in a light bulb to flicker and can be detected by the human 
eye. These voltage fluctuations occur at frequencies below and equal to 10Hz. This 
is the frequency region where a human eye is sensitive. The magnitude of maximum 
permissible voltage change with respect to the number of voltage changes per 
second as shown in figure 2.3. 
Flickermeter is used to measure flicker. The method is based on measurements of 
variations in the voltage magnitude. The flickermeter architecture is divided into two 
parts, each performing one of the following tasks: [28, 21] 
• Simulation of the response of the lamp-eye-brain chain, which is 
weighted by two different filters, one corresponds to the response of a 
60W light bulb and the other to the response of the human eye and 
brain to variations in the luminance of the light bulb. 
• On-line statistical analysis of the flicker signal and presentation of the 
results. 
However, flicker from wind turbines is not determined from voltage measurements 
alone, as the background flicker of the grid could influence this method [28]. 
Different methods have been used by many researchers in countries such as 
Germany, Denmark, Sweden and many others, mainly in Europe. These methods are 
defined below. 
• Active and reactive power measurements. The measured power is used as an 











15. Pst values are then obtained from this algorithm and flicker analysis can 
be carried through. Power could be measured either as a 10-minute average 
data CPmc and Qmc), 60s average data CP60 and Q60) or 0.2 second average data 
(P02 and Q02), using power transducers. P60 and PO.2 are maximum 
measured power values. This method was not used at Klipheuwel wind farm 
as it required power transducers as well as voltage and current transformers. 
• Voltage and Current measurements. Instantaneous current measurements are 
used to compute voltage, which is used as an input to flicker algorithm. A 
fictitious grid is used as shown in Figure 4.3. The voltage and current 
measurement method was used at Klipheuwel wind farm, where only voltage 
test set and current transformers were used. Flicker values were then 




Ufic(l) I im(t) Uo(t} 
Figure 4. 3 Fictitious grid for calculating nicker [28] 
Where 
imCt) represents the wind turbine, 
Rfic and Lfic represent the resistance and inductance ofthe fictitious grid respectively 
UoCt) is an ideal voltage source. 
The following equation is used to obtain the required values of the input voltage 
UfiC(t) [28] 
Uflc (t) = Uo (t) + R fie (t) . in; (t) + L fic (t) . di~;t) ......................................... (4.6) 
Lnc and Rfic are selected to obtain the appropriate network impedance phase angle \1\ 










tan(lf'k):::: ............................................................................ (4.7) 
R fie 
300,500, 750 and 85° are the values of\}\ that are usually used, according to IEC 
61400-21 [28]. 
The following block diagram illustrates the above method for determining flicker 
from wind turbine during continuous operation. 
1 
Urn(t), I I 
Unc(t) 
I 
Trn(t) r Simulation of i IEC instantaneous voltage I 61000-4-15 i I 
Normalization I 
Pit 
Calculation of flicker Report 
, 
on a specific site C('Pk,Va) 
I 
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Figure 4. 4 Flicker Calculations (28) 
The above methods used to measure flicker are based on the fact that the flickering 
of the light bulb irritates people. This level of irritation is classified by a 
dimensionless quantity, Pst over a lO-minute period. Pst 1 means that the majority 
of people are irritated. This flicker index, Pst, can reach high values, due to other 










The accc:pt<~',Jc value of Pst varies from country to country, for instance in South 











Ecker Calculation and Summation during co:' tinuous operation: 
Flicker is calculated in terms of flicker coefficient and short circuit ratio using the 
following formula: 
Sref 
Pit :::: C(tJ'k)S ........................................................................... (4.8) 
k 
Where Srefrefers to the wind turbine's rated power, 
Sk is the grid short circuit capacity 
c is the flicker coefficient of that particular wind turbine. 
Pit is a long-term severity flicker. It is calculated over a 2-hour period by combining 
twelve Pst values as shown in the equation below. 
~ 
3/ t; Ps7.k 
~l :::: ~ 12 ............................................................ '" .............. (4.9) 
Flicker summation can be done in two different ways: 
• It could be summed as a square root of the sum of the squared flicker values 
as can be seen in the formula below: 
PsI'£. :::: )L; P,~,i , ............................................................ (4.1 0) 
Where Pst,i is the nicker emission from each individual wind turbine as 
shown above, hence this equation could be rewritten as below: 
~ 
............ . 
1 N" 2 
P .,:::: -,  (C f I (lfIk' va)S".J) ........................................... (4.11) s/_ S I L..... . 
k J~l 










Sn,i is the rated apparent power of the individual wind turbine; 
N\\t is the number of wind turbines connected to the pee. 
4.5 Factors that Affect Flicker Emission from Wind turbines 
(a) The grid strength this is the ratio between the grid short circuit capacity and 
the rating of wind turbine, (SkJSref). 
An increase in grid strength results to reduced flicker emission by wind turbines 
[39]. 
(b) The grid impedance ratio (x/R ratio). An XIR ratio of 1 corresponds to a grid 
impedance angle of 45°. 
(c) Turbulence intensity - Flicker increases with an increase in wind speed due to 
higher turbulence in the wind. The turbulence in the wind creates power 
variations in the region of 0.01 -10 Hz [37]. These power variations results to 
high flicker emission. 
(d) Tower shadow effect - there is a power drop every time a blade passes the 
tower. This reduces the power 3 times per revolution. The frequency of the 
power pUlsations is equal to the number of blades multiplied by the rotational 
speed of the turbine. For instance, the expected frequency of the power pulsation 
for the wind turbine V 47 is 1.425 Hz. This is calculated from the given rotational 
speed ofthe rotor (28.5 rpm), multiplied by the number of blades (3), then divide 
by 60 to get frequency in hertz. The power pulsations results in flicker 
emISSIons. 
4.5 Summary 
Power quality is perfect when the voltage is sinusoidal and continuous, having a 
constant amplitude and frequency. However, due to other factors that affect an 










Different characteristics of power quality are found. These include voltage 
disturbances, frequency and intenuptions. However, voltage disturbances were 
identified as a concern when wind turbines are grid connected. 
Two power quality characteristics that are discussed in this chapter are voltage 
variations and flicker. This was based on the findings in literature survey. 
Voltage variations are as a result of variations in wind speed. Small voltage 
fluctuations that occur at frequencies below 10Hz are termed flicker. A human eye 
can see these voltage fluctuations, as it is sensitive at frequencies between 8 and 
10Hz. Flicker is measured using a flickermeter. A flickermeter uses voltage to 
determine flicker. A quantity called Pst is used. However, flicker from wind turbines 
is not determined from voltage measurements alone, as the background flicker of the 
grid could influence this method. Some of the methods for determining flicker 
emission by wind turbines are defined below: 
• Active and reactive power measurements and 
• Voltage and Current measurements. 











5. VOLTAGE FLUCTUATIONS AND FLICKER 
CALCULATIONS 
This chapter presents voltage fluctuations and flicker studies that were carried out to 
highlight the effects that grid connected wind turbines could have on weak 
networks. These studies were done by calculation, using DigSilent load flow studies 
and measurements were taken on Klipheuwel wind farm as will be discussed in 
chapter 6. The DigSilent studies were done to show the effects of changing power 
production of an induction generator, as a distributed generator, connected to an 
l1kV network. An induction generator was chosen as the studied wind turbine use 
this type of a generator. This chapter seeks to investigate the condition that lead to 
voltage fluctuations and flicker. 
An introduction to DigSilent software is discussed in this chapter followed by 
different models used to model some electrical components of a grid. Load flow 
calculations are done on a two-node system to calculate voltage variations due to 
change in grid strength. Wind speed measurements were done in Klipheuwel and the 
power output of a wind turbine, in particular, Vestas V 4 7, was calculated and 
presented in this chapter. Flicker measurements that were done before and after wind 
turbine installation in Klipheuwel are presented. The last section is a summary of the 
findings in this chapter. 
5.1 Modelling Wind Turbines Using DigSilent 
DigSilent Software has the ability to simulate load flow, RMS fluctuations and 
transient events. It provides a comprehensive library of models of electrical 
components. DigSilent was then used for modelling wind turbines and load flow 










DigSilent makes it possible for users to create their own block sets or modify the 
one in the library [13]. In this chapter, DigSilent models that were used are 
described as well as how wind turbines are modelled for power quality studies. 
5.1.1 Induction generator model 
As wind turbines are equipped with generators, either synchronous or induction 
generator, it is therefore essential to include the models of these generators in this 
report. DigSilent provides models for these generators and are integrated in the 
program. below shows an equivalent diagram of an induction generator as used in 
DigSilent. This generator was the one chosen when modelling wind turbines in this 
chapter, as most wind turbines are equipped with this generator. 
Rs XS 
Zrot 
Figure 5. 1 Induction generator model 151 
5.1.2 Transformer model 
A transformer model is also found in the DigSilent library and is shown in figure 
5.2. This transformer is used to step up the 690V generated by the wind turbine to 
the 1lkV of the grid. 
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5,1.3 Line; Model 
The following model is that of a line as used on DigSilent. This model was used for 
the connection between the wind farm and Klipheuwel. The characteristics of this 
model were modified to suit that of an 11 kV cable. 
bus2 R x bus1 
Figure 5.3 Line Model [5] 
5.1.5 Wind Turbine Model 
An overall structure of a wind turbine model is composed of an electric model, 
mechanical model, aerodynamic model and the wind model. The connection on 
these models is as shown in Figure 5. 4. The electrical model is composed of built-
in models, like the grid, transformers, capacitors and generators. While aerodynamic 
and mechanical model, and wind speed are modelled using DSL. However, wind 
speed was not modelled during these studies as it requires an external program, 












Figure 5. 4 Wind Turbine Model [5] 
5.2 Load Flow Calculations 
5.2.1 Steady state operation: 
Case Study 1: Two-Node impedance model 
Power 
... ~I system 
(/ Tl1T '--__ -.J 
A simple impedance model was modelled using DigSilent Software, and load flow 
calculations were carried out. These calculations were done to study how the voltage 
will change depending on the power output from a generator, either synchronous or 
induction generator. In this case, an induction generator was chosen, as it is the most 
common used in wind turbines. A line impedance grid was varied from an XlR ratio 
of 0.5, 0.75,1, to Voltage at the Point of Common Connection (PCC) was studied 
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Figure 5. 5 Simple Impedance Model used to calculate voltage fluctuation 
From the graphs, it has been seen that at low XlR ratios, i.e. XlR ratio ::;1, the 
voltage variations are high and the voltage at pee increases with an increase to 
active power generated by the induction generator. However, this voltage increase is 
low at high XlR ratios of about 2. This is because the active power produced by the 
generator causes a voltage increase due to the grid resistance. The reactive power 
consumed by the generator causes voltage drop over the grid reactance. For an XlR 
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Figure 5. 6 The effects of XlR ratio on voltage variations 
Voltage Variation Calculations 
According to Larsson, [21], two different phenomena occur between the grid and the 
turbine. These are the stationary variation in the power production and power 
fluctuations. Both of these phenomena have an impact on voltage variations. 
Stationary voltage variations are the results of the power produced by the turbine, 
while power fluctuations that occur at a frequency of 1 to 2 Hz are mainly caused by 
the tower shadow [21]. 
5.2.3 Power Fluctuations due to wind variations 
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From this equation, it is clear that wind variation will affect power output as it is 
related to wind speed by the power of 3. Also, tower shadows results in power 
fluctuations when the position of the blade passes the tower, the power will drop. 
For a three bladed tower, the power drop will appear 3 times. This is known as a 3p 
frequency. The frequency of power fluctuation is equal to the number of blades 
multiplied by the rotational speed. The graph below shows both the wind variation 
effects and tower shadow. The peaks show tower shadow effect while the 
fluctuations show the wind variations. The power shown below was calculated using 
equation 5.1 above, with the measured wind speed from the wind faml. Wind 
turbine V 47 from Klipheuwel wind farm was used as an example in this calculation, 
with A=1.735 m2, Cp = 0.593, and p=1.225 kg/m3. The average power calculated is 
about 266kW, which corresponds to an average wind speed of about 7.09 m/s. Wind 
speed variations were used to calculate the output power. The spikes in the figure 
show tower shadow effects at a frequency of about 1.7 Hz. This implies that the 
turbine was rotating at 34 rpm, which is slightly higher than the given limits for the 
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Figure 5. 7 Calculated power fluctuations 
The effect of tower shadow and wind gradient to power fluctuations can also be seen 
when one blade passes the tower, none of the blades is at the highest point, and 
hence, power output is at its minimum level. Whereas, if one blade is at its highest 
point, none of the other two blades is at the lowest point or behind the tower, hence 
power will be at its maximum point. This cycle is repeated 3 times per revolution, 
for a three bladed wind turbine. This illustration is as sho\\TI in. 
Figure 5. 8 Tower Shadow Effect 
High power fluctuations occur at high wind speed, as wind speed fluctuation 











5.2.4 Active cmd Reactive Puwer Cc,lsumpUon 
An increase in active power produced, results to an increase in reactive power 
consumed. This was the case in the case study as shown in Figure 5.9 below. 
5.3 Flicker during Continuous Operation 
Flicker is a measure of dynamic voltage fluctuations. It is based on the fact that 
people are irritated by the flickering of the light bulb. The level of flicker is 
classified by a dimensionless quantity, Pst, measured over a lO-minute period. Pst is 
most sensitive to voltage fluctuations on frequencies around 8.8 Hz. According to 
lEe 61400-21, flicker is determined by measurements of current and voltage. The 
short-term flicker is calculated using a reference grid. 
PQ curve for an induction generator 
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Figure 5. 10 Measured flicker before and after wind turbines installation 
Flicker was monitored in Klipheuwel substation before and after the installation of 
the wind turbines. According to the results obtained, wind turbines did not have a 
huge impact on voltage nicker as the measured flicker before the wind turbines 
installation is approximately the same as the one after the installation. The graph 
shows only one day data, which is representative of a week data. The rest of the data 
is not shown as it is repetitive. 
The measurements were however, done under different conditions, compared to the 
measurements explained in chapter 6. Firstly, the measurements were taken at the 
point of common connection (pee), which is where the other loads such as farmers 
are connected. The pee is about 5 km away from the source, and hence the lower 
flicker values. The low flicker values at the pee could mean that the grid is not 











Hence, the high flicker emission is seen when mCClsured closer to the source, as will 
be discussed in chapter 6. 
5.4 Summary 
In this chapter, a study was conducted on DigSilent software to measure power 
quality of a wind turbine. A case study was done, where a wind turbine is 
represented by an induction generator to simulate steady state voltage variations. 
This type of a generator was chosen because the wind turbine V 4 7 uses an induction 
generator. A two-node model was used to simulate a distribution network with a 
distributed generator. The results obtained from load flow analysis of this case study 
show that at low XlR ratios of the grid, i.e. XlR ratio :51, the voltage variations are 
high and the voltage at pee increases with an increase to active power generated by 
the induction generator. However, this voltage increase is low at high XlR ratios of 
about 2. This means that for electrically weak networks, voltage variations are 
expected to be high when a distributed generator is connected to them. 
Expected power fluctuations from a wind turbine were calculated using measured 
wind speeds from Klipheuwel wind farm. The equation P = h CpP V 3 A was used 
for this calculation with A as a swept area of V 47 wind turbine. Power fluctuations 
are as a result of tower shadow effects as well as wind speed variations .. 
Flicker was monitored in Klipheuwel substation before and after the installation of 
the wind turbines. According to the results obtained, wind turbines did not have a 
huge impact on voltage flicker as the measured flicker before the wind turbine 
installation is approximately the same as the one after the installation. Because these 
measurements were done at the substation, where other loads could have an impact 
on results obtained, more accurate results are to be obtained by measurements at the 
generator terminals of each wind turbine. The following chapter represents power 










6. POWER QUALITY STUDJES ON 
KLIPHEUWEL WIND FARM 
This chapter present the results obtained from Klipheuwel wind farm, the power 
quality studies that were carried out as well as methods used to do measurements. 
Different options on taking measurements were considered. These included taking 
measurements from Klipheuwel substation, where the wind farm is connected. 
However, this option meant that the studies would be of the wind farm and not the 
individual wind turbines. It would then be difficult to conclude on whether variable 
speed wind turbines have different power quality impacts compared to fixed speed 
wind turbines. Also, this option would not reflect the pure flicker and voltage 
variation as a result of wind turbines, as there are other loads connected to the 
substations. 
The next option was to measure power quality from each wind turbine. This was the 
preferred option as it would lead to constructive conclusions about types of wind 
turbines, and the actual impact that each could have. This option came with its 
constraints as well, such as not being able to take measurements from the other two 
wind turbines. Also, taking measurements from each wind turbine would require 
three times the number of equipment required for data capturing. The measurements 
would have to be taken at the same time for comparison purposes. However, this 
would be the more accurate option. 
During the measurement period, only one wind turbine was studied, Vestas V 4 7. 
Jeumont J48 had a hydraulic malfunctioning. Vestas V66 has its 690VI11kV 
transformer in the nacelle. This meant that for generator terminal measurements, the 
data logger would have to be connected in the nacelle, which is on top of a 60m tall 











as the data was collected weekly, with a supervisor from Eskom. This scenurio was 
discu~sed w"ith an Eskom employee and the decision not to take the measured fi'om 
V66 was then reached, based on the constraint of climbing 60m weekly. However, 
this also meant that conclusions on the effects of different types of wind turbines 
could not be made. The option of taking measurements from only on wind turbine 
was then reached. 
The next challenge was to choose a suitable data logger. Firstly, a flickermeter was 
considered. Flickermeter uses voltage to determine flicker, which is not enough for 
modelling flicker emission by wind turbines. Also, flickermeter would give a value 
for flicker, with no indication of power fluctuations, which gives an indication of 
wind speed fluctuations. 
A data logger, which could measure both current and voltage, and calculates Pst 
value according to IEC 868, measure active and reactive power output, was required. 
The logger would have to have enough memory, at least 1MB to store data for seven 
days, 24hrs a day and at a sampling frequency of at least 1 kHz. 3 sets of current 
clamps were required for current measurements, as well as voltage test leads. 
Current clamps had to be of diameter equal or greater than the diameter of the 
conductor, which is about 40mm for V47. These current clamps would have to be 
able to withstand a current of about 600A and above. The logger would need to be 
able to communicate with an external computer for data transfer. Different power 
quality analysers were checked and CA 8334 Power Quality analyser was chosen. 
This data logger is described in the next section. 
6.1.1 Equipment Description: 
CA 8334 Power Quality Analyzer by Chauvin Arnoux was used for the power 
quality measurements from the wind turbines. This power quality analyzer is used 
together with 3 times Ampflex for current measurements and voltage test leads. The 
diameter of the Ampflex is 250mm with a measurement range of lOA to 6500A 
(lms). CA 8334 was calibrated in Eskom's metrology lab in Brackenfcll, Cape 











downloaded weekly to a laptop using RS 232. Qualistar View 2.3 was used to read 
the data and Matlab and Excel were used for data analysis. 
6.1.2 Electrical Specifications for CA 8334 
The sampling frequency for the CA 8334 is 12.8 kHz per channel at 50 Hz, which 
means 256 samples per period. The operating voltage input is 960 Vrms phase to 
phase, and 480 Vnns phase to neutral. 1.2 Vn (nominal voltage) is an acceptable 
voltage overload while 2 Vn is only admissible for 1 second. 




Voltage Inputs ~11 kV I 
~ ____ -. __ -,rf~ro~m~A~m~F~le~x~__ PCC 
and Test leads 
V 
690V 
Power Supply (230V f---~ V,I,P,Q 
/ Pf,Pst,etc. 
RS 232 cable 
CA8334 PQ 
Analyser 
Computer tor data analysis and 
storage 
Figure 6. 1 Data Capturing Set-Up 
The connection of CA 8334 was as shown in Figure 6. 1 .The power quality analyser 
was connected as shown and left to download data for a month. However, data was 
downloaded to a laptop weekly fro analysis. Figure 6.3 is that of V 47 wind turbine, 
with the 690V 111 k V transformer situated outside the tower. This made it easier or 










Figure 6. 2 The connection of CA 8334 to V47 wind turbine 
Figure 6. 3 V47 Wind turbine with 











In this section, the measured power quality characteristics from Vestas V47 wind 
turbine in Klipheuwel wind farm are discussed. The data collected was similar for 
all four weeks of data collection; hence, only one-week data is presented and 
interpreted. However, the rest of the measurements are presented in Appendix A. 
6.2.1 Wind variations 
Using the formula P = 0.5 *Cp*p*V3* A, wind speed from Klipheuwel was 
calculated to have varied from below 4m1s to be about 7.975m1s. Power generated 
by the wind turbine was used to calculate the input wind speed. The formula stated 
above was used to determine the wind speed that could have resulted to such power 
output. The wind speed fluctuations are presented in. The wind speed tends to be 
high in the afternoon, between 3pm and 6pm. This was the case for all four weeks of 
data capturing. However, the measured wind speed from Klipheuwel showed a 
varying averaged wind speed from about Imls to approximately 11m1s. the wind 
speed was measured by Eskom, using an anemometer. This data is also shown in 
Figure 6. 5. The two graphs show similar fluctuations except for the actual values, 
especially for the wind speed values below 4m/s. This is because the measured 
power from the turbine was either negative or positive depending on whether the 
turbine was generating power or consuming it from the grid. This is explained from 
the power curve where at low wind speeds below 4m1s, the wind turbine produces 
no power; hence the turbine acts as a load. As a result, the calculated wind speed at 
negative power output was negative. Those values were hence replaced by zero 
when calculating the average wind speed. The wind speed was calculated over one-
minute and averaged over an hour to correlate with the logged wind speed data from 
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6.:<.2 VoHagc Varj",l~ions 
The measured voltage from the wind turbine fluctuates between 692V and 727V. 
The rated voltage for this wind turbine is 690V + 1 0% / -6% as stated by the 
manufacturer. The fluctuations are still within the limits but indicate the variation of 
wind speed. Voltage variations were expected at the terminals of a wind turbine due 
to wind variations. The following voltage measured at the wind turbines' terminals 
shows the voltage fluctuations. Voltage fluctuations are high at high wind speeds. 
The measurements are done on I-minute integration period. 
Term in a I V 0 Ita 9 e fro m V 47 
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Figure 6.6 Nominal voltage from V47 
6.2.3 Power Fluctuations 











Power fluctuations are said to be as a result of voltage fluctuations, which are due to 
wind speed fluctuations. The measured power output is as shown in Figure 6. 7 and 
compared with calculated output power. The fluctuations appear slightly similar, but 
calculated values are higher than measured values. Power fluctuations OCCUlTing at a 
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Figure 6. 7 Comparison of measured power (solid) and power calculated from wind speed 
(dotted) 
6.2.4 Active and Reactive Power Consumption 
The measured power output showed an import of reactive power while exporting 
active power. This implied that the wind turbine uses induction generator as it 
showed the same pattern throughout the data collection period. The measured 
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Figure 6. 8 The relationship between active power export and reactive power import 
6.2.4 Frequency 
The grid frequency is 50Hz ±1 %, however, the measured frequency from the wind 
turbine tenninals was kept within the limits. This indicates that these grid eonnected 
wind turbines do not affect the frequency of the grid, as indicated in the literature. 
However, autonomous wind turbines are expected to result in high frequency 
fluctuations. The spinning reserve is small in an autonomous grid supplied by diesel 
engines. The small spinning reserves will give rise to frequency fluctuations in case 











M easurec frequency values from V 47 
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Figure 6.9 Wind Turbine V47 Frequency 
6.2.5 Flicker during continuous operations 
The measured Pst values are as shown in Figure 6. 10. This shows relatively high 
flicker values for a variable speed wind turbine. The highest recorded Ps; value is 
about 0.91. High flicker values are obtained at high wind speeds and are the results 
of high voltage fluctuations. Methods used to calculate Pst values in CA 8334 are 
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Figure 6. 10 Flicker emitted by V 4 7 (28/1 0 ~04111) 
PSI values were measured and are shown in Figure 6. 11 in relation to the output 
power. High Pst values were recorded at low power output, but generally the flicker 
emission increases with active power output. The measured flicker shows a 
maximum Pst value of about 0.91, corresponding to a power output of about 200 kW, 
which is substantially below the rated power of 660 kW for the generator. This is a 
very high flicker value as the compatibility level identified in the national standard 
[30] is 1. Also, flicker approached the specified limit at speeds as low as 113 of 
rating. The high flicker values show that the closer to the source, the higher the 
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Figure 6. 11 An increase in flicker emission at high power output 
6.3 Summary 
250.00 
This chapter explained the background to flicker studies done in this thesis. The 
measurements were taken on one of the three wind turbines in Klipheuwel, which is 
the Vestas V 47 wind turbine. The reason behind this decision was that the Jeumont 
was malfunctioning during the measurement period, while the problem with V66 
was that measurements would have to be taken from the nacelle itself as the 
690V 111 k V transformer is situated there. This would be a constraint as it meant 
climbing 60m weekly to capture data. 
Different measuring methods were studied, as well as different measuring devices. A 
data logger with active and reactive power measurement capabilities, voltage and 
current, as well as flicker was chosen as being CA 8334 Power Quality Analyser. 











Voltage variations were recorded and reported to be in proportion with variation in 
\vind speed, Power fluctuations were also reported and found to be as a result of 
fluctuating wind speeds, as well as tower shadow effects at frequencies between 1 
and 2 Hz, Results show that wind turbines do not affect the frequency of the grid. 
V47 wind turbine shows an import in reactive power while exporting reactive 
power. Another finding was that, as opposed to the literature survey, this wind 
turbine, which is a variable speed type, emits high flicker. This flicker increases with 












Based on the measured data from Klipheuwel and the literature on wind turbines and 
their power quality, the following conclusions are drawn: 
7. 1 Power Quality 
• The variation of wind speed results to fluctuating power output from the 
wind turbines. This has been seen both in literature review and during 
measurements in Klipheuwel. The relationship between wind speed and 
power is a cube root, meaning that small variations in wind speed will result 
to higher power variations, which will be cubed that of the wind speed. 
• The voltage measured at the terminals of a wind turbine varies according to 
the variations in wind speed. These voltage variations are seen to be higher at 
high wind speed. The fluctuating voltages at the terminal of the wind 
turbines result in fluctuating voltages at the point of common connection. 
• Flicker measured during continuous operations was higher at the terminals of 
the wind turbine. The cause of this high flicker index is associated with the 
fluctuating power output from the wind turbine as it is higher at high power 
values. However, the measured flicker at Klipheuwel substation, which is a 
sum of flicker emitted by all three wind turbines, showed a very little 
emission by wind turbines as it was compared to flicker before the 
installation of the wind turbines. The measured flicker from the terminals of 
the wind turbines is expected to be higher than at point of common 
connection (PCC) as the fluctuations are higher at the terminals. 
• Wind turbines are no tIn'eat to grid frequency as seen in both literature 
review and measured frequency from Klipheuwel. However, this could only 










7 .. '? lI~ijn( Turbint. Type 
The type of wind turbines connected to the grid also determines whether the wind 
farm will have higher impact on power quality. For instance, literature reveals that 
variable speed wind turbines emit less flicker to the network compared to fixed 
speed wind turbines. However, the measured flicker from Vestas V47 wind turbine 
was high, and this wind turbine is of a variable speed type. 
Regardless of wind turbine type and regulation method used, the power output 
fluctuates due to wind speed variations, and the tower shadow. Induction 
generators, which most wind turbines are equipped with, import reactive power from 
the grid, while exporting active power. This was shown to be true according to the 
measured active power and reactive from V 4 7, which is of an induction generator 
type. However, measurements from other wind turbines would need to be conducted 
to justify this conclusion. 
7.3 Scope for Future Work 
The impacts that wind turbines could have on power quality of distribution network 
have been highlighted. Literature on how to measure power quality of wind turbines 
has been collected and explained in this thesis. However, measurements could not be 
taken from all three wind turbines. Since these three wind turbines are uniquely 
designed, it would be advisable to take measurements from all three wind turbines 
simultaneously and monitor the impacts that each have on power quality. This could 
be very useful if the wind farm is to be expanded, as it would help to make a good 
decision as to which wind turbine will be more reliable and does not degrade the 
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X/R ratio varied from 0.5 to 2 

























L pee (0) Ppn.(MW) Qgen. (MVar) Vpce (kV) 
I 
-~ ._ ... 
1 -0.68 11.44 1.65 
0.9 -0.61 11.43 1.47 
0.8 -0.54 11.42 1.31 
• 
0.7 . -0.49 11.40 1.17 
0.6 -0.44 11.39 1.03 
0.5 -0.40 11.37 0.90 
0.4 -0.37 11.36 0.78 
0.3 -0.35 11.34 0.66 
0.2 -0.33 11.32 0.56 
~ 
... -
0.1 -0.32 11.30 
-'" 
0 -0.31 11.28 
X1R 1 
Pgen. (MW) Qgen. (MVar) Vpcc (kV) i Lpcc (u) 
1 -0.68 11.40 2.09 
0.9 -0.61 11.40 1.87 
0.8 -0.54 11.39 1.67 
0.7 -0.49 11.38 1.47 
0.6 -0.44 11.37 1.29 
.... _ .. 
0.5 -0.4 11.35 1.12 .. 
0.4 -0.37 11.34 0.96 
0.3 -0.35 11.32 0.81 
0.2 1-0.33 11.30 i 0.66 
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CALCULA TED POWER FROM MEASURED WIND SPEED 
THE RESULTS WERE OBTAINED, USING THE EQUATION: P = he pP v3 A 
Time (Hrs) Measured Measured Calculated 
. Wind Speed Power (W) Power (W) I 
~ I (m/s) ·1. 1---------1 
12:00:00 : 3.419733 0 i 16999.7 I 
[ 13:00:00 I 3.319883 2605 . 15553.7 1 
1 14:00:00 i 4.077685 11328 28820.81 
I 15:00:00 I 5.051036 33180 54778.1 I 
I 16:00:00 5.8702 45092 i 85985.3 I 
I 17:00:00 5.698104 . 24639 78642.4 1 
I 18:00:00 . 5.419375 1306 67657.1 J 
I 19:00:00 3.546626 64113 . 18963.2 : 
I 20:00:00 1.719476 1 41237 2160.991 
i 21:00:00 · 1.648719 . 18579 1905.04 1 
I 22:00:00 2.091732 i 144.45 1 3890.3 i 
23:00:00 2.983434 -1.2413 I 11287.9 ; 
--:-::- ---- .. -.. I ---~ E 0:00:00 1___ 2.601115 I ___ -1_.2_7-11 ___ 7_4_80_.7_3--11 
L __ 1_:0_0:~__ 3.0262261 -1.39441 11780.71 
i 2:00'00 • 3.014766 4742.8 i 11647.3 . 
i 3:00:00 1- 3.981541 10056 i 26829.9 I L. 
i 4:00:00 4.426271 -38.197 36862 I ----- ------
1 5:00:00 4.378847 -2.0246 35689.9 J 
: 6:00:00 4.059833 1448.5 I 28444 ! 











10:00:00 3.979044 26779.5 
11:00:00 2.768122 . 9016.15 
12:00:00 6.657029 125403 
13:00:00 8.276528 . 240996 
14:00:00 6.101758 86029 96567.4 
15:00:00 4.180048 190150 
'------
16:00:00 6.351733 . 208530 
-------~-------~ 
17: 00:00 7.4 79594 208090 ! 177869 i 
18:00:00 8.034838 1945--:ror--·· 220494 i 
19:00:00 . 6.596262 187310 i 122000 i 
f------2-0 :-0-0:-00-+----6.506102 '196350 1 117065 
--------___+_ --------1-----------1 
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22:00:00 . 3.852379 ' 50868 24302.6 
23:00:00 3.968338 i 31104 26563.9 . 
0:00:00 3.649965 17324 I' 20669.6 I! 
1--_--,-1 :_0_0 :-,-00-+-__ ~2 .-=:.8 __ 78 __ 7::6 __ 3:c-----··-18-7-1 O--+--· ---10-1-41-.1----1. 
2:00:0 2.241938 29677 1 4790.01 i 
3:00:0 3.865931 . 14348 I- ---24-5-60--11 
4:00:00 i 4.336787 9616.7 34671.3 
5:00:00 3.482496 i 2303.1 17953 
6:00:00 2.385701 i 11099 5771.83 
7:00:00 1.643861 11566 1888.26' 
8:00:00 • 1.512063 . 1148.8 1469.52 
9:00:00 2.567746 -0.64293 7196.5 
10:00:00 3.705949 -0.71191 21635.4 1 
11:00:00 1.484152 0 1389.63 i 
12:00:00 . 1.461727 0 1327.59 
13:00:00 1.548043 0 1576.94 • 
14:00:00 1.725178 i -1.3763' 2182.56 
'----______ ~---------1 
15:00:00 2.284108, -1.9617' 5065.42, 
16:00:00 3.620663 , -2.605 20175.8 
---~-----~ 
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f---------~--------~ 
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-~~~I----~~~~ 
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